Background: Axon regeneration relies on HDAC5-dependent tubulin deacetylation at the site of injury. Results: Filamin A interacts with HDAC5 and is required for injury-induced tubulin deacetylation and axon regeneration. Conclusion: Filamin A is required in injured axons for HDAC5 activity and axon regeneration. Significance: Revealing the mechanisms involved in the spatial control of HDAC5 activity along the axon length is important to understand regenerative mechanisms in peripheral neurons.
Microtubule dynamics are important for axon growth during development as well as axon regeneration after injury. We have previously identified HDAC5 as an injury-regulated tubulin deacetylase that functions at the injury site to promote axon regeneration. However, the mechanisms involved in the spatial control of HDAC5 activity remain poorly understood. Here we reveal that HDAC5 interacts with the actin binding protein filamin A via its C-terminal domain. Filamin A plays critical roles in HDAC5-dependent tubulin deacetylation because, in cells lacking filamin A, the levels of acetylated tubulin are elevated markedly. We found that nerve injury increases filamin A axonal expression in a protein synthesis-dependent manner. Reducing filamin A levels or interfering with the interaction between HDAC5 and filamin A prevents injury-induced tubulin deacetylation as well as HDAC5 localization at the injured axon tips. In addition, neurons lacking filamin A display reduced axon regeneration. Our findings suggest a model in which filamin A local translation following axon injury controls localized HDAC5 activity to promote axon regeneration.
The microtubule cytoskeleton plays an important role in axon growth during development and axon regeneration after injury. A number of studies have shown that a precise balance between stable and dynamic microtubules is required for growth cone formation and axon regeneration (1) (2) (3) . Several signaling pathways converge onto microtubules to promote axon regeneration in the mammalian system (4). The GSK3-␤ pathway regulates the activity of microtubule-binding proteins such as cytoplasmic linker associated protein (CLASP), adenomatous polyposis coli, and CRMP2 to coordinate the stability, growth speed, and configuration of microtubules in growth cones and regulates axon growth (5, 6) . In addition to microtubule-binding proteins, posttranslational modifications of tubulin are believed to correlate with the dynamic properties of microtubules (7) . For example, acetylated tubulin is enriched in stable microtubules along the axon shaft, correlating with microtubule stability (8) . We have previously demonstrated a role for histone deacetylase 5 (HDAC5) 3 in the control of microtubule dynamics in injured sensory neurons (9) . HDAC5 tubulin deacetylase activity increases following axon injury in a calcium and PKC-dependent manner and is required for growth cone dynamics and axon regeneration (9) . Axon injury elicits the formation of a gradient of tubulin deacetylation, with low levels of acetylated tubulin in proximity of the injury site (9) . Although a gradient of HDAC5 correlates with the gradient of deacetylated tubulin, the precise mechanisms involved in the spatial control of HDAC5 activity along the axon length remain poorly understood.
An important aspect of axon growth is the functional interplay between actin and the microtubule cytoskeleton. Indeed, extending neurites contain bundled microtubules surrounded by an actin-rich growth cone (10) . Recent studies have demonstrated that actin turnover and organization mediated by actin depolymerizing factor (ADF)/cofilin is necessary for microtubule penetration and coalescence (11) . In the absence of ADF/ cofilin, pharmacological depolymerization of actin filaments enables microtubules to protrude toward the cell periphery and allow neurite formation (11) . Another study revealed a link between the actin network and microtubules mediated by a protein complex containing the Rho guanine nucleotide exchange factor TRIO and the plus-end tracking protein Navigator 1 (NAV1) (12) . Capture of this complex by EB1-labeled microtubule dynamic ends localizes Rac1 activity and promotes neurite extension (12) . Although these studies reveal that, with a permissive actin network, microtubules can extend and lead to neurite formation, how microtubule dynamics are precisely controlled at the microtubule/actin network interface has not been explored.
Filamin A is a large homodimeric protein that organizes the actin filaments into an orthogonal network by its ability to cross-link actin filaments (13) (14) (15) (16) (17) . Filamin A has been implicated in numerous aspects of cell motility and cell migration by providing a scaffolding platform for cytoskeletal and signaling proteins and by mediating membrane-cytoskeleton interactions (17, 18) . Filamin A is composed of an amino-terminal actin-binding domain and 24 IgG-like domains that can bind more than 70 diverse proteins (19) . Human filamin A loss-offunction mutations cause periventricular heterotopia, a neuronal migration disorder in which many neurons destined for the cerebral cortex fail to migrate (20, 21) . In mice, complete loss of filamin A results in embryonic lethality and causes cardiovascular defects (22) as well as neuronal migration defects (23) . Filamin A-deficient mouse embryonic fibroblasts display minimal motility defects (22) , whereas filamin A-deficient M2 melanoma cells have extensive motility-related defects (16, 17) . The absence of filamin A in mouse embryonic fibroblasts has been shown to cause a defect in microtubule extension toward the cell periphery (24) , but whether this is a result of defects in the surrounding actin network or a more direct effect of filamin A on microtubules has not been explored.
Here we report that filamin A binds to HDAC5 and is required for HDAC5 deacetylase activity toward tubulin in injured axons. Following axon injury, filamin A is translated locally, suggesting a role for filamin A in injury-induced control of local HDAC5 activity. Accordingly, reducing filamin A levels impairs injury-induced tubulin deacetylation as well as HDAC5 localization at the injured axon tips. Sensory neurons with reduced filamin A levels displayed impaired axon regeneration. Our findings reveal that local translation of filamin A following axon injury is required for the localized HDAC5 deacetylase activity toward tubulin and contributes to promote axon regeneration.
Experimental Procedures
Antibodies, Constructs, Lentiviruses, and Cell Lines-Antibodies used in this study were as follows: anti-HDAC5 (Sigma, catalog no. H4538), anti-filamin A (Santa Cruz Biotechnology, catalog no. SC-28284), anti-FLAG (Sigma, catalog no. F1804), anti-GFP (Santa Cruz Biotechnology, catalog no. SC-9996), anti-PKC (Cell Signaling Technology, catalog no. 2052), anti-p-PKC (Cell Signaling Technology, catalog no. 2054), anti-␣-tubulin (Abcam, catalog no. 15246), anti-acetylated tubulin (Sigma, catalog no. T7451), anti-tyrosinated tubulin (Sigma, catalog no. T9028), and anti-␤III tubulin (Covance, catalog no. MMS-435P). To knock down filamin A, two pLKO shRNA plasmids from Sigma (TRCN0000239209 and TRC0000239210) were used. Lentiviruses were produced as described previously (9) . FLAG-tagged human HDAC5 was a gift from Eric Verdin (Addgene, plasmid 13822) (25) . HDAC5 fragments were generated by PCR from amino acids 1-680, 1-1040, or 1040 -1122 and cloned into pEGFP-C1 (Clontech) in-frame. The FUGW lentiviral expression vector was used to produce the GFP-Cterm (HDAC5 1040 -1122 )-overexpressing lentivirus as described previously (9) . HEK293T cells were used for coimmunoprecipitation and virus production.
Filamin A-deficient human melanoma M2 cells were provided by Dr. Thomas P. Stossel (Harvard Medical School). The filamin A-recovered control cell line A7 was purchased from the ATCC (catalog no. CRL-2500). The following chemicals were used in cultured cells: ingenol-3-angelate (I3A, 1 M, Adipogen) and Scriptaid (5 M, Tocris).
Protein Extraction and Coimmunoprecipitation-To extract protein lysates from cultured cells, lysis buffer (Cell Signaling Technology, catalog no. 9803) supplemented with protease inhibitor mixture and phosphatase inhibitor mixture (Roche, catalog nos. 11873580001 and 04906845001) was used. To screen for HDAC5-interacting proteins, HEK293T cells overexpressing FLAG-HDAC5 were lysed with buffer A (50 mM HEPES (pH 7.4), 1% Nonidet P-40, 0.1% SDS, 300 mM NaCl, and 1 mM EDTA supplemented with protease and phosphatase inhibitor mixtures). A total of 10 mg of FLAG-or FLAG-HDAC5-overexpressing lysates was precleared, loaded onto an anti-FLAG antibody-agarose resin column (Sigma, catalog no. A2220), and washed 10 times with 10 bed volumes of washing buffer (buffer A containing 500 mM NaCl). Proteins were eluted with 1 bed volume of elution buffer (washing buffer containing 100 mg/ml FLAG peptide (Sigma, F3290)) five times. Eluted proteins were pooled and precipitated using the TCA precipitation method (26) . Proteins were separated by SDS-PAGE and detected by silver staining (Life Technologies). Proteins were identified as described previously (27) . Briefly, protein bands were excised, destained, and trypsinized. Peptide mass fingerprints were obtained using a mass spectrometer (Voyager DE-TM STR biospectrometry workstation). The database search was performed using the MS-FIT proteomic tool.
For immunoprecipitation experiments from cultured DRG neurons, protein extract from DIV7 cultured DRG neurons were prepared with lysis buffer (Cell Signaling Technology, catalog no. 9803) supplemented with protease inhibitor mixture and phosphatase inhibitor mixture (Roche, catalog nos. 11873580001 and 04906845001), and immunoprecipitation was performed with control IgG, anti-HDAC5, or anti-filamin A antibodies. HDAC5 nuclear export was induced by treating DIV7 cultured DRG neurons with I3A (1 M) for 3 h before cell lysis. HDAC enzymatic activity was blocked by treating DIV7 cultured DRG neurons with the HDAC inhibitor Scriptaid (5 M) for 16 h before cell lysis.
Embryonic DRG Culture, Immunofluorescence Imaging, and in Vitro Axotomy-Mouse embryonic DRG culture was performed as described previously (9) . Briefly, for spot culture, DRG from embryonic day 13.5 embryos were dissociated, and 10 4 cells/2.5 l were plated. For the in vitro regeneration assay, DRG neurons were axotomized at DIV7 using a blade and stained 40 h later for the regenerative marker SCG10 (28) . Fluorescence images were obtained using an Epi-fluorescence microscope (Nikon, TE2000E) and a confocal microscope (Nikon, Eclipse C1). Intensity and the in vitro regeneration index were plotted using ImageJ (9) . For the DRG replating assay (29) , DRG neurons were infected with control or filamin A shRNA lentivirus at DIV1, trypsinized (0.025% trypsin-EDTA, Life Technologies), and replated on poly-D-lysinelaminin-coated culture plastic dishes at DIV4. Replated neuFilamin A Regulates Axon Regeneration rons were fixed and stained with TUJ1 antibody 16 h after replating.
Animal Surgeries, Chemical Treatments, and Tissue Sample Preparations-All surgical procedures were approved by the Washington University in St. Louis School of Medicine Animal Studies Committee. Mouse tissue samples for Western blot analysis and immunohistochemistry were prepared as described previously (9) . For the Western blot analysis, mouse sciatic nerves were dissected and lysed in lysis buffer (Cell Signaling Technology, catalog no. 9803) supplemented with protease and phosphatase inhibitor mixtures (Roche, catalog nos. 11873580001 and 04906845001). For immunohistochemistry, sciatic nerves were dissected, fixed in 4% paraformaldehyde in PBS for 1 h, incubated in 30% sucrose in PBS for 24 h, embedded in OCT solution (Tissue-Tek), and frozen in dry ice-cooled methylbutane. For sciatic nerve delivery of chemical compounds, the chemicals cycloheximide (1 mg/kg, Sigma), EGTA (10 mM, Life Technologies), Gö6976 (1 mg/kg, Tocris), and H-89 (1 mg/kg, Tocris) were dissolved in dimethyl sulfoxide. Surgifoam (Johnson and Johnson) was soaked with 100 l of dimethyl sulfoxide alone as a control or dimethyl sulfoxide containing the indicated chemical and applied directly to the sciatic nerve 30 min prior to injury.
Results

HDAC5 Interacts with Filamin A via Its C-terminal
Domain-We have shown previously that HDAC5 functions as a tubulin deacetylase in injured axons to promote axon regeneration (9) . Our studies revealed that axon injury enhanced microtubule deacetylation in close proximity but not further away from the injury site. Because HDAC5 is transported anterogradely along axons (9) , it is important to understand how its activity is controlled to allow tubulin deacetylation at the axon tip but not along the axon shaft. To understand the mechanisms regulating local HDAC5 activity, we first aimed to identify HDAC5 interacting partners. FLAG-tagged HDAC5 was expressed in HEK293T cells, and the immunoprecipitated FLAG-HDAC5 was analyzed by SDS-PAGE and silver staining. Non-transfected cells were used as a negative control. A specific band was detected in the high molecular weight range and FIGURE 1. Filamin A is a novel binding partner for HDAC5. A, FLAG-HDAC5 overexpressed in HEK293T cells was immunopurified using anti-FLAG antibodyagarose resin. The immunoprecipitates were analyzed by SDS-PAGE and silver staining. A high molecular weight protein coimmunoprecipitated with FLAG-HDAC5 and was identified as filamin A by mass spectrometry analysis. IP, immunoprecipitation. B, schematic of HDAC5 constructs. The amino acid numbering refers to human HDAC5. C, filamin A was immunoprecipitated from HEK293T cells transiently expressing the indicated GFP-HDAC5 constructs. The HDAC5 Cterm (residues 1040 -1122) is required for HDAC5 interaction with filamin A. D, GFP-Cterm (HDAC5 1040 -1122 ) was expressed in HEK293T cells and immunoprecipitated using GFP antibody, and the immunoprecipitated material was analyzed by Western blot for GFP and filamin A. TCL, total cell lysate. E, purified GST-Cterm (HDAC5 1040 -1122 ) was incubated with HEK293T cell lysates, and pulldown material was analyzed by Western blot. Ponceau S staining showed that equal amounts of GST and GST-Cterm were used. The HDAC5 C-terminal domain (residues 1040 -1122) is sufficient for HDAC5 interaction with filamin A. F, GFP or GFP-Cterm was overexpressed in HEK293T cells, and endogenous filamin A was immunoprecipitated. Overexpression of GFP-Cterm disrupted the interaction between endogenous filamin A and HDAC5. G, HDAC5 was immunoprecipitated from cultured DRG neurons treated with or without I3A, and immunoprecipitated material was analyzed by Western blot. p-PKC and p-HDAC5 were used as controls for the effectiveness of I3A. H, cultured DRG neurons were treated with the HDAC inhibitor Scriptaid or left untreated, and filamin A was immunoprecipitated. Immunoprecipitated material was analyzed by Western blot for HDAC5 and filamin A. Acetylated histone H3 (Ac-H3) was used as a control for the effectiveness of HDAC inhibition by Scriptaid.
Filamin A Regulates Axon Regeneration SEPTEMBER 11, 2015 • VOLUME 290 • NUMBER 37 identified by mass spectrometry as the actin-binding protein filamin A (Fig. 1A) . To define the regions of HDAC5 responsible for filamin A binding, GFP-tagged HDAC5 full-length or HDAC5 mutants lacking the C-terminal domain (Cterm, HDAC5 1040 ) or lacking both the deacetylase domain and the Cterm (HDAC5 680 ) were expressed in HEK293T cells (Fig. 1B) . 
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Filamin A was immunoprecipitated, and the binding of HDAC5 was probed for GFP. HDAC5 full-length, but neither of the deletion mutants, was bound to filamin A (Fig. 1C) , indicating that the Cterm of HDAC5 is required for the association with filamin A. To test whether the Cterm of HDAC5 is sufficient for filamin A binding, the GFP-tagged Cterm of HDAC5 (HDAC5 1040 -1122 , hereafter referred to as GFP-Cterm) was expressed in HEK293T cells and immunoprecipitated with anti-GFP antibodies. Filamin A efficiently coprecipitated with GFP-Cterm (Fig. 1D) . The interaction between the Cterm of HDAC5 and filamin A was further confirmed in GST pulldown experiments (Fig. 1E) . We then tested whether GFP-Cterm could interfere with the interaction between endogenous filamin A and HDAC5. We performed a competition assay by expressing GFP-Cterm or GFP as a control in HEK293T cells and examined, by immunoprecipitation of filamin A, whether the interaction with HDAC5 was affected. We observed that expression of GFP-Cterm, but not GFP, disrupted the interaction of endogenous filamin A with HDAC5 (Fig. 1F) . This experiment confirmed the specificity of the interaction between HDAC5 and filamin A.
Next we performed coimmunoprecipitation of endogenous protein to test whether HDAC5 forms a complex with filamin A in cultured DRG neurons. We observed that filamin A coimmunoprecipitated with HDAC5 (Fig. 1G) . Treatment of cultured DRG neurons with the PKC activator I3A, which, as we have shown previously, stimulates HDAC5 nuclear export (30), enhanced HDAC5 interaction with filamin A (Fig. 1G) . HDAC5 SEPTEMBER 11, 2015 • VOLUME 290 • NUMBER 37 interaction with filamin A did not require HDAC5 deacetylase enzymatic activity because treatment of cultured DRG neurons with the HDAC inhibitor Scriptaid (9) did not affect the ability of filamin A to coimmunoprecipitate with HDAC5 (Fig. 1H) . Acetylated histone in the lysate was used as a control for the effectiveness of HDAC inhibition. These results demonstrate that HDAC5 interacts with filamin A via its Cterm and that the interaction between HDAC5 and filamin A occurs in DRG neurons.
Filamin A Is Required for HDAC5-dependent Tubulin Deacetylation-To examine whether filamin A regulates the tubulin deacetylase activity of HDAC5, we investigated the level of ␣-tubulin acetylation in filamin A-null cells, M2 cells (17) . We found that ␣-tubulin is highly acetylated in filamin A-null M2 cells, whereas, in filamin A-recovered A7 cells (17) , ␣-tubulin is mostly deacetylated (Fig. 2A) . Tubulin tyrosination and total levels of tubulin showed no difference in both cell lines, indicating that filamin A specifically affects tubulin acetylation. We also tested whether a reduction in filamin A levels in DRG neurons alters the levels of acetylated tubulin. For this experiment, cultured DRG neurons were infected with a lentivirus encoding scrambled shRNA control (Control) or filamin A shRNA (FLNA KD). Western blot analysis showed that the knockdown was effective and resulted in increased levels of ␣-tubulin acetylation (Fig. 2B) . Next we asked whether filamin A is required for HDAC5-mediated tubulin deacetylation. GFP-HDAC5 was overexpressed in M2 cells. Under vehicle treatment conditions, GFP-HDAC5 was mostly nuclear, whereas, upon stimulation of the PKC pathway with I3A, GFP-HDAC5 relocalized to the cytoplasm (Fig. 2C) , as expected (30, 31) . However, the levels of acetylated tubulin were not altered by increased cytoplasmic localization of HDAC5 in filamin A-null M2 cells (Fig. 2, C-E) . In filamin A-recovered A7 cells, GFP-HDAC5 also relocalized to the cytoplasm following I3A treatment (Fig. 2F) , as observed in M2 cells. Interestingly, in contrast to M2 cells, increased cytoplasmic localization of HDAC5 in A7 cells resulted in tubulin deacetylation (Fig. 2,  F-H) . Tubulin deacetylation in I3A-treated A7 cells was blocked by the presence of the HDAC inhibitor Scriptaid (Fig.  2F) . These results indicate that filamin A is required for HDAC5-dependent tubulin deacetylation but not for the PKCmediated cytoplasmic translocation of HDAC5.
Filamin A Levels Are Increased in Injured Axons-To test whether HDAC5 activity in injured axons requires filamin A, we first examined filamin A protein levels in sciatic nerve axons. We found that, in uninjured nerves, very little filamin A is expressed, whereas, 24 h following sciatic nerve injury, filamin A levels were up-regulated dramatically in the 3-mm segment of nerve proximal to the injury site (Figs. 3, A-C) .
Immunofluorescence of a section of nerve within the 3-mm segment proximal to the injury site showed that the injuryinduced filamin A colocalized with TUJ1, an axonal marker, suggesting that the increased expression of filamin A occurs in axons (Fig. 3D) . To further determine whether filamin A expression was localized in close proximity to the injury site, we performed immunofluorescence of a 2-mm longitudinal segment of nerve, which revealed that filamin A expression was enriched within the first millimeter nerve segment immediately proximal to the injury site (Fig. 3, E and F) . To further confirm whether the increased filamin A levels after injury occurs in axons, we performed immunostaining on sciatic nerve cross-sections. Injury clearly induced filamin A expression in axons which were labeled with the ␤III tubulin axonal marker (TUJ1 antibody) and surrounded by the Schwann cell marker S100␤ (Fig. 3, G and H) .
Filamin A is Translated Locally in Injured Axons-To test whether filamin A accumulation is due to local protein synthesis, sciatic nerves were treated locally with cycloheximide for 30 min prior to injury to block local protein synthesis. The result showed that cycloheximide treatment prevented filamin A upregulation after injury (Fig. 4, A and B) . Because axonal calcium influx and PKC activation are known to induce local protein synthesis in axons (32), we next tested whether filamin A expression requires calcium and PKC activity. We found that blocking calcium influx with EGTA or inhibiting PKC activity with the PKC inhibitor Gö6976 locally at the site of nerve injury abolishes filamin A accumulation (Fig. 4, C-F) . As a control, we used the PKA inhibitor H-89, which failed to block injury-in- duced filamin A accumulation (Fig. 4, G and H) . Together with the fact that filamin A mRNA is present in DRG axons (33) , these results indicate that filamin A levels in injured nerves are regulated by local protein translation.
Filamin A Is Required for HDAC5-mediated Tubulin Deacetylation in Injured Axons-Localized filamin A translation may represent a mechanism to locally regulate HDAC5 activity at newly formed axons tips. To test this hypothesis, we first examined whether filamin A colocalizes with HDAC5 in growth cones. We observed that, in hippocampal neurons, filamin A colocalizes with HDAC5 at axon tips, where the level of acetylated tubulin is relatively low compared with the axon shaft (Fig. 5A) . In injured DRG neurons, HDAC5 localization with TUJ1-labeled microtubules in growth cones was impaired by knockdown of filamin A (Fig. 5B) . These results suggest that filamin A is important for HDAC5 function toward tubulin as well as HDAC5 localization in injured axon tips.
To further test whether reduction in filamin A levels impairs injury-induced tubulin deacetylation, as we have reported previously (9), we quantified tubulin deacetylation following axon injury in control and FLNA KD cultured DRG neurons. In con- Filamin A Regulates Axon Regeneration SEPTEMBER 11, 2015 • VOLUME 290 • NUMBER 37 trol neurons, axotomy induced tubulin deacetylation at the injured axon tips (Fig. 6, A-C) , as reported previously (9) . In contrast, axotomy-induced tubulin deacetylation at the injured axon tips was impaired in FLNA KD neurons (Fig. 6, A-C) . To test whether the impaired injury-induced tubulin deacetylation results from a reduced interaction between HDAC5 and filamin A, we expressed GFP Cterm (Fig. 1, D and F) in cultured DRG neurons. In the presence of GFP-Cterm, but not GFP as a control, injury failed to induce tubulin deacetylation (Fig. 6, D-F) . The levels of HDAC5 at the injured axon tips were also reduced in both FLNA KD and GFP-Cterm-expressing DRG neurons (Fig. 6, G and H) .
Filamin A Contributes to Promote Axon Regeneration-We next asked whether filamin A is required for axon regeneration. Control or FLNA KD DRG spot cultures were axotomized at DIV7, and axon regrowth was visualized by staining DRG neurons with SCG10, a regenerative marker (28) . To assess the regenerative capacity of injured axons, a regeneration index was calculated from the images acquired 40 h after axotomy. Axotomized axons displayed robust regeneration, whereas filamin A knockdown significantly impaired axon regeneration (Fig. 7, A-C) . Disruption of the interaction between HDAC5 and filamin A with the expression of GFP-Cterm also impaired axon regeneration (Fig. 7, D-F) . FIGURE 6 . Filamin A is required for tubulin deacetylation after axon injury. A, control or FLNA-KD DRG neurons were axotomized, fixed 3 h later, and stained for Ac-tub and total ␣-tubulin. Scale bar ϭ 100 m. B, average intensity plot of Ac-tub in A. The intensity of Ac-tub was normalized to ␣-tubulin and plotted in function of distance toward the cell body, with 0 referring to the axotomy site (n ϭ 6 for control and 7 for FLNA KD). Data are mean Ϯ S.E. C, average slopes of the Ac-tub ratio calculated from the plots in B (n ϭ 6 for control and 7 for FLNA KD). Data are mean Ϯ S.E. ***, p Ͻ 0.001 by Student's t test. D, control (FUGW lentivirus) or Cterm-overexpressing (FUGW-GFP-Cterm lentivirus) DRG neurons were axotomized, fixed 3 h later, and stained for Ac-tub and total ␣-tubulin. Scale bar ϭ 100 m. E, average intensity plot of Ac-tub in D (n ϭ 5 for control and 5 for GFP-Cterm). Data are mean Ϯ S.E. F, average slopes of the Ac-tub ratio calculated from the plots in B (n ϭ 5 for control and 5 for GFP-Cterm). Data are mean Ϯ S.E. ***, p Ͻ 0.001 by Student's t test. G, control, FLNA-KD, or GFP-Cterm-overexpressing (FUGW-Cterm lentivirus) DRG neurons were axotomized, fixed 3 h later, and stained for HDAC5 and ␤III tubulin (TUJ1 antibody). Scale bar ϭ 100 m. H, normalized intensity of HDAC5 from G (n ϭ 6, 8, and 8 for control, FLNA KD, and GFP-Cterm, respectively). Data are mean Ϯ S.E. ***, p Ͻ 0.001 by analysis of variance).
We next employed a replating assay (29) to assess the role of filamin A in axon regeneration. In this assay, neurons were plated, infected with lentivirus at DIV1, trypsinized, and replated at DIV4 (Fig. 7H ). This assay is more stringent than the in vitro axotomy assay described above because neurons need to reconstruct their axons after complete axonal loss. We observed that control DRG neurons successfully extended axons, whereas filamin A knockdown DRG neurons failed to extend long axons (Fig. 7, G and I) . These results indicate that filamin A promotes initial axon growth from the cell body as well as regeneration of injured axons.
Discussion
Neurite extension and axon growth require the coordinated actions of the actin and microtubule cytoskeleton network (10) . Neurites and axons contain bundled microtubules, which are surrounded in the growth cone by an actin-rich network. A dynamic actin network allows microtubules to advance toward the growth cone periphery. Specifically, a constitutive retrograde flow of actin has been shown to allow microtubules to protrude and generate a neurite from a spherical neuron (11) . Actin dynamics are therefore believed to drive growth cone protrusion and motility (10) . However, growth cone steering SEPTEMBER 11, 2015 • VOLUME 290 • NUMBER 37 and migration can also be guided by microtubules (34, 35) . Our data reveal a novel link between the actin cytoskeleton and microtubule dynamics, with the actin-associated protein filamin A regulating the activity of HDAC5 toward tubulin at the tip of injured axons to promote axon regeneration.
Filamin A Regulates Axon Regeneration
Our studies indicate that filamin A regulates axon regeneration in sensory neurons in part via regulating HDAC5-dependent tubulin deacetylation at axon tips. Our previous studies have shown that tubulin deacetylation following axon injury correlate with increased microtubule dynamics (9) . The absence of filamin A may therefore limit microtubule dynamics in newly formed growth cones. We found that expression of the HDAC5 Cterm exerts dominant negative functions, indicating that the C-terminal region of HDAC5 is responsible for its association with filamin A. This interaction is likely to be specific for HDAC5 and not shared with the other tubulin deacetylase, HDAC6 (36) , because the Cterm of HDAC5 has no significant sequence homology with the C-terminal domain of HDAC6 (37) . The filamin A-dependent regulation of HDAC5 may also underlie the different functions HDAC5 and HDAC6 play in injured axons. Indeed, in contrast to HDAC5 inhibition, which blocks axon regeneration (9), inhibiting HDAC6 heightens the level of tubulin acetylation and increases axon regeneration in the presence of inhibitory factors found in the damaged CNS (38) . The apparent opposite roles of HDAC5 and HDAC6 may result, beyond the different environment, from different substrate specificity and different interacting partners, such as filamin A.
Consistent with the notion that filamin A may regulate microtubule dynamic properties at the actin interface, Lynch et al. (24) have observed that, in filamin-depleted mouse embryonic fibroblast, microtubules exhibited lower growth rates than controls and did not extend to the cell edge during early stages of cell spreading. Interestingly, a decrease in microtubule extension rates does not result from peripheral actin flow, which is also decreased in the filamin A-depleted system (24), suggesting a more direct role of filamin A depletion in microtubules. Interestingly, a recent study revealed that the plus-end tracking protein NAV1 forms a complex with the Rho guanine nucleotide exchange factor TRIO and localizes to microtubule dynamic ends to promote neurite extension (12) . TRIO also interacts with filamin (39), further supporting the notion of filamin A being a scaffold for the spatial organization of signaling pathways at the junction between actin and the microtubule cytoskeleton.
These functions of filamin A in regulating microtubule dynamics may be more important for axon regeneration after injury than for normal axon growth. Indeed, filamin A-null ES cells or neural progenitor cells successfully differentiate in vitro into neurons bearing long axons and normal growth cones (22) . F-actin levels are not significantly altered in filamin-null fibroblast, neurons, and endothelia cells, and filamin-null fibroblasts show normal motility and membrane ruffling (22, 40) . Compensation from filamin B, which has high homology with filamin A, may be responsible for the lack of phenotype in these settings. Alternatively, HDAC5-mediated tubulin deacetylation is not essential for normal axon outgrowth, as supported by the fact that mice lacking HDAC5 mice develop normally (41) .
The ability of axons to regenerate depends in part on their capacity to locally synthesize new proteins (32) . Newly synthesized proteins that contribute to the regeneration process include cytoskeletal proteins (42) and membrane-associated proteins (43, 44) . Here we reveal that local translation of filamin A contributes to control of the spatial activity of HDAC5 in injured axons. The function of filamin A may also be regulated posttranslationally in injured axons. Indeed, filamin A participates in signaling events by interacting with numerous protein kinases. One of them is protein kinase C (45), which is implicated in actin reorganization, cell adhesion, and cell spreading. Filamin A not only serves as a scaffolding protein of PKC, it is also a substrate of PKC (45) . Given that PKC and PKC are activated locally after injury to control HDAC5 phosphorylation and activity (9) , PKC may also regulate the function of filamin A in injured axons.
Filamin A may play other roles in regenerating axons beyond regulating HDAC5 activity. Indeed, filamin A is required for vimentin-mediated cell adhesion and spreading (46) and interacts with vimentin in vitro (47) . Vimentin is also locally translated at the axon lesion side and plays a role in injury signaling (48) . Locally translated filamin A may also promote more efficient recycling of integrins, which enhance sensory axon regeneration by being transported in distinct recycling endosomal cargoes (49 -51) . In the absence of filamin A, ␤1 integrin surface expression is reduced in the initial phase of cell matrix contact (47) . The absence of filamin A alters the trafficking of adhesion receptors such as b1 integrin, leads to cell spreading and migration defects (47) , and may also affect growth cone migration.
The importance of actin network reorganization (11) and dynamic microtubules (12) for neurite formation and extension correlates well with the requirement for filamin A at the intersection of the microtubule and actin cytoskeletal elements in the growth cone and in axon regeneration. Future studies will elucidate the roles filamin A may play to guide axon regeneration and whether filamin A, or its absence, may play a role in the disorganized microtubule network observed in retraction bulbs in central nervous system axons.
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